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ABS. UCT 


An experimental investigation was conducted in Leg 2 of the Galion 
0 x 5 inch Hypersonic Wind Tunnel to determine tie heat transfor coolfi- 
cients of the laminar boundary layer on a cooled flat plate at a nominal 
Mach numbor of 5.8. As a consequence of the investigation, flat plate 
recovery factors were determined and the affect of condensation on heat 
transfer was noted. In addition qualitative results as to сво Јах 
bouxlary layer transition and separation are also presented. 

The tosts were conducted with e ratio of wall temperature to free 
strean temperature (T,/T5) of approximately 6.23 but under stagnavian 
temperature conditions ranging from 200% to 2859р, The stagnation 
pressure range of 60 psin to 1315.5 pska provided a пахітала Reynolds 
nuiber of 2.1 x 1 6. 

A flat plate temperature recovery factor of „858 $ „00 was 
determined, and it was concluded that the temperature recovory factor 
range of Mach number independence could be extended to a Mach number of 
5.8» The independence of the recovery factor on Reynolds number up to 
the beginning of the loninar boundary layer transition was also sub= 
stantiated. 

The heat transfer coefficients were obtained for a negative 
temperature pradient over a considerable portion of the plate, Tue 
effect of these cradients produced values considerably hijsher taan would 
be expected for an isothermal butams These results, when related to 
the constant temperatwre case by a theoretical calculation, were in сооа 
agreenent with the theoretical results end tie results of a skin 


friction investigation carried out at the sone Nach number. “he accuracy 


of the resulte was estimated to be 410% from a value of Lu tol 2 ppl? = 
„285» 

There was no apparent effect on tho heat transfer coefficient b7 
condensation, but the adiabatic wall temperature appoarod to be 2% lower 
than for the condensation free flow. Due to a step increase in thick 
ness of the model at the ten inch station, the shock wave-bowxiary 
layor interaction appears to produce laminar boundary layer transition 
at a Reynolds number of 1.3 x 10°, and upon reducing the Reynolds 
number further, the transition point is subjected to an adverse pressure 


gradient which results in a boundary layer separation. 
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1. LTWDLETION 


With the advent of the jas turbine, high speed aixplanes, nissiles, 
and rockets, the problen of fluid frictional heating has become criticale 
Fron the realization that "aerodynamic heating" can result in an adiabatic 
surface temperature rise of over 1000°F for a rocket wiich is at a Mach 
number of h, it is evident thet fron the structural, equipmental, and 
human standpoint the knowledge of the heat transfor characteristics of 
such supersonic vehicles is imperative. Since these heat transfer 
characteristics are associated with the fluid boundary layer, a thorough 
investication of the boundary layer, both laminar am turbulent, is 
necessary in order that the aeronautical desipmer will have sufficient 
information to carry out his mission. 

The problem of the mechanical ami thermodynamical interaction 
between high speed cas flow and a parallel surface has received cone 
siderable study for flows of low Mach numbers; the results of these in- 
vestigations for the laminar boundary layer are sumarised in Refs. l an 
г. in the case of heat transfer Yiroush the ізділгг boundary layer on 
flat plates ami cones, for low Mach numbers again, the theory is also 
quite complete, Refs. 3 and l summarize the results af heat transfer 
at supersonic speeds. 

the experimental corroboration, however, of these theoretical ree 
sults, especially at the higher Mach numbers, is meager. The work 
of Scherrer and Gowen for a cone at Mach number 2 (Ref. 5), of Ebor, also 
on cones with the Mach mmbers ranging fron 0.38 to be2 (Ref. 6)3 aml 
of Slack who tested a cooled flat plate at a Mach number of 2.4 (Ref. 7), 


constitute the bulk of hich specd heat transfer research. ilo attenpt 





Po 


will bo nade to present юг resulw, since they aro nicely cumarisod 
An Пао be Also in Ref. li, Kaye stresses the need for eoránentel heat 
transfer cocfficients, especially for Nach numbers in mwess of Зе Tis 
is precisely the problem at hand, the experimental heat transfer fyran a 
laminar bowxlary layer to a cooled flat plate at a nominal Macau number 
of Бебе 

In witertakinc.an experimental investigation of urls nature, tere 
are always soveval avenues Фома wich to proceed, and in nost cases these 
avenuos lead to blind alleyye “nis progran was no exception. There are 
also certain decisions which must be nade іл regard to the scope of the 
investigation and the mothods to oe used, 

One of these decisions war that af investigating only the laminar 
boumdary layer. It is evident that to evaluate properly tie effucts of 
чавгобльх с heating" the turbulent as well as tho laminar bowdary 
layer should be investigated. However, due to the stability of the lem 
inar bowxlary layer ata Mach number of 5.6 and tie physical lini tations 
оп the model dimensions, it was necessary to limiti the investigation to 
just the laminar layers 

it was also necessary to decide whother to use a heated or a 
cooled plate. The heated plate had the adventaces of better control of 
surface vemeratures and relatively simpler aceossuries, but since it 
was necessary to have stagnation or reservoir tomecratures in excess of 
2009* in order to avoid condansation in the test section, tho problems 
of nodel construction for surface temperatures af ho0% « 500 were 
oonsiderablo. Therefore, 2.5 was advisable to investigate the direct 


Naerodynanic heating” problem, les, heat transfer te the surface. 





А flat plete nodel vaz cose since existing theory predominautly 
considers tiis case, ond the design requirements of the cooling jacket 
made such a nodel more practicablioe In addition, the exerinentation 
was coordinated with that of i. Eamer's flat piate skin friction inves~ 
tagation (Гог, 0) which was also pairied out in tie GALCIT 5 x 5 inch 

¿Ypersonic wind Tumel, 
“he scope of the investication was modest. It was simply to 
determina experinental het trensfer coefficients of the laminar boundary 
layer at a папіла Nach number of бед әлі to compare these coefficients 
with available theory ani other exporinentel date, Понсуег, ав а соп» 
sequence of the investigation, tomorature recovery factors wero eval- 
ustod, and the effect of condensation on heat trausfer uan noted. In 
addition, some interesting qualitative resulte in regard to transition 
and boundary layer separation are presented. 

In summary, ihis paper presents the results of an experimental 
investigation in the GALCIT 5 x 5 inch ifpersonic wind Tumel, Leg Nos 1, 
of the heat transfer fron a laminar boundary loyer to a cooled flat 
plate at a Mach muber of 5.6 and ‘the results are compared with evaile 


able theoretical and experimental data, 
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Дә Description of the «ind Twmel 


eS с ава И. 


ALL tetting was carried out in the Mic С х 5 йлеп Hyoorsonic 
ine Tunnel (Leg Noe 1), which 4s of the continuously operating closoy 
return type. The reguiraed compression ratios were obtained with five 
stages of Puller rotary compressors, andy wien noceseery, an additioua 
Stage of Incersoll reciprsesting compressors. “She compressors and ail 
the valving were operated rawtel; fro: a master control panel (CL. Fige 
1) Located adjacent to the tust cseciie The air heating systen cone 
sisted a? a multiple pase heat exchanger with sunecvheated steam as Us 
heating mediume The canarity of tho system was such thal a stucnetion 
temperature of 900° uno obtainaole at a stamation pressure of He: pias. 

031 removal was accamitshed bx; Oyolone separators after cach 
Compression stage, i inely=di дей cammon enmisters¿ porous carbon filter 
blocks ond a üootz-t,po molecular Filter, hs air used durin: the tests 
contained aporoximately 225 parts por million (opm) of oil For ty чаі, 

Water was remnoved by a 2200s pouml bed cf silica gel in the uain 
air circuit, “ic: was meactivated by a Dulltein Uloworenosterecondensor 
systan nrlor to each mm, The maximm weter content of the air was Kept 
below 200 pm by weicht at all tines, the usual value being approximately 
22 ppm The dew point was measured at the beginning and end of each run 
wing a standard type carbon dioxidoeccoloec indieater, 

The tests were conducted at 9 nominal Mach number of 5.0. The 
nesale blocks were designed by tho Toelsch method with correction 


epplied for the estimated bowery layer displnca@rent thickness, Static 





orifices at олсем interiulp f> wee tap aa Зоб negle тоска ог 
wttad a chaeel: to be mare with the original notale caliuraticn en each rum. 

A 32etube vacumdreferenced manmeter (CF. Pio 1) usin, 4200 
bidácone FILE wee зе М Se all stato Mieñhounes, ax al. Dies. 
pheric refo^eneod стому ficroemanometer was Used to |-сабиго Lie Total 
head oressures. Twinel stupnation pressure was nensuved With a Tates 
Гтегу nitrogcie balanced gaye ала мада prossuro мас contunlled тні рп 


LOL pel ty отапа оГ а "aatieepolice iguerwell Brown салоса" ол 


м“ 
controlleov 
9 > er zot E аш > Г ч e ùg е е “ ls" а е a 
Tas STA О pa зух гага WAS оду Ју а ООМО prove 


leoated one inch wostiem ac tho nowzLlo turoat. Miis temperature was 
recorded ari controlled by левая of a MExmoapoliss'loneywcld Crom circus 
Lar chart controller. „1 other tenporaturos necessary for plant operas 
tion were indicated on a об Leeds 2 Norunrup recemler. The overall 
ама іс Gahar ochain the hestilag бусісч is sho im Fig. 2% 


fn optical system using a Di5 steady source wis used for the 


schlieren or siadoy pacto wapos of the flou, 


iriviion of the Model 





le General 


model cancisted of tnree cammonentsz; the stuinless steel 
seroimanic surface, the heat flow noter, ana tho brasg cooling jacket 
containing tie eoolant passazerays, “hese tnree components with an 
overall thickness of 265 inchos were cenanted together with 2 bonding 


agent and insulated from the tumel side walis by 3/1ó=inch rilicone 


fiberglass. The model spanned the test section and was supported so 
that the acrodynaaic surface was coincident with the plane of symetry 
of the test section. Fig. 3 gives the details of the model wiile rig. Ц 


shows the model nounted in the test section. 
le AG wie Surface 


The aerodynamic surface was a dy 5/0-inch wido by 10 inches long 
by 1/10 of an inch thick stainless stoel plate, lapped and polished so 
that tho measured roughness of the plate surface was an average of one 
microinch from the mean profile. The final polishing was done with 
8,000 mesh diamond resulting in a surface emissivity of .070. Ten 
copper-constantan thermocouples were imbedded .010 of an inch from tne 
upper surface for the purpose of determining the surface temperature. 
The location and details of the thermocouples are show on Figo Se The 
г leading өйдө of the acrodynanic surface extended .70 of an inch ahead 
of the hoat neter-radiator assembly. The ten copperconstantan themso~ 
couple wires were insulated from the steel plate by fiberglass cloth 
cenented to the lower side of tne surface, А bakolite terminal sirip 
attached to tne aft edge of the plate permitted the attachment of 
heavier thormecounle wires which were connected to the leads from the 
measuring instrument by moans of a leaketight Cannon plug mounted in 
the tunnel wall. Fig. 6 shows the details of this connection, Three 
orifices, at 23, 5, and 8 inches from the leading edge, for the purpose 
of giving surface static pressures were also installed in the aerodynenio 
surface. These orifices wore located 1 inch off the centerline of the 
plate. 





She heat flow meter (Cf. Ref. 9) consisted of three Ll 5/0 ias 
wide by 9 inches long by 1/64 inch thick bakelite sheets laminated to- 
gether. he ceutrol sheet contained nineteen (19) 1/2 inch by 1 inch 
thernonile elements. In addition, twe coprer-constantan thermocouples 
were installed for the purpose of determining the heat meter temeraturee 
The location of each themovile element is given in Fig. 7. A bskelite 
terminal strip was atiached to the aft odre of the heat reter and 
provided a means of connecting the heavier leads fran tho neaswrine 
instrument. Theee leads passed through the tunnel wali in the sane 
manner as the surface thermocouple leads (Cie Fige 6). 

The thermonile elenent consiste of a series of “nemocoupies 
which are positioned so that oe cet of junctions ("hot junctéinne") is 
in a plane adjacent and perallei to one face of the heat Meter miile 
tho other set of junctions ("cold junctions") is placed adjacent and 
parallel to the opposite face of the heat meter, Heat flow through the 
moter will now ,encrate an oloctrancitive force due to the difference in 
temperature between the “hot” and "cold" junctas of the tnermonilo, 
By calibration of the thenmovile elements frou a known nest source, the 
heat flux in Btu/hr > ft? will be represented by a known voltage айгоос 
the "not" and "cold" junctions, 

{ne thermopile is constructed бу winding; (about 120 turns) io. ДО 
constantan wire onto a bakelite core. This is then silver=plated over 
one-half of the coil, which results in each junction betwoen the plated 


ani umpiated wire acting as a thermocouple. In this way a large munbar 





of thermocouples comected in serics is obteined. “hercforo, a wail 
variation in temperatise acınss each cerent will represent a substantial 
Cele Tne ci@wnts are thon inserted into the cut-outs in о се лог 
lomination, comected to Lhe copper wires leading to tne heat meter 
temtinel strip, and cenchied beiweon the top and bottom cover snccets of 
the heat metor. Fige 7 gives the details of the construction of a tmi- 


cal thermonile element, 
ue Cooling Jacket 


The cooling jacket containing the coolant pacsaceways was fabrie 
cated fron brass sheet screwed cond oesonted to the side and center 
stiffeners, Li wes designed so that the coolant erterod the upper 
section through fittings in the twnel wli, ‘the coolant is then 
channeled both choridkwise and spanwise ty means of baffle plates to holes 
іп the ceuter plate, allowin: the fluid access to tho lower section exit 
passa cues The details of the cooling jacket and the fittings in the 


tummel walls are show in Pics. 3 ami 6. 
Co Test iquiment and Instrumentation 


Le Temmorature H iensurenenue 


In addition to the ten (10) taoernocoupios neasvrin; tho curfoco 
temperature of the plate and the uro (2) thermocouples in the heat moter, 
two (2) copoer~constantan thermocouples were installed in the upper | 
surface of the tunnel test sections These taweratures were usol in 
computing the radiant heat tmmefer to the cooled plate from the heated 


vuol will. Also recorucd wore the inict and exit temperatures of uno 





coolant uy neans of thermbcouiles attached to tie cooling sisten опель 
All these temperatures wero поопотеі оп а ЦВероілі Міполеароіз п«Нопеумю? 3. 
Pro iectionio selfebelanciós potentiameter (СЁ. Fige 1) with e rango 


of “100% to S00°F and an accuracy af а. 
Ze Meat Transfer Measurencnts ` 


Since esch thermopile element in the heat noter ms calikeauted in 
Ву (ће = sq ft » nidlivolt) it was sufficient, in omer to obtain heat 
transfer rates, to measure the millivolt ovtput of each element. These 
Voltages were measured on a 2hepoint liimenpolis=iioneywell Brown Liectronic 
solf-balancing potentionster (C£. Fige l)e The instrument was equipped 
with rances fron O to 10 mv and O to 25 mv with en accuracy of 2,02 mv 
and 2,05 my respectively. 

Зе Cooling Systen 

The coolant used fer the tests was water obtalnuod from the con- 
pressor plant cooling system, The return line from tho cooling towers 
on the roof of the uggenhoim Acronautical Laboratory was connected 10 
а tuonty-five gallon atmospheric reservoir adjacent to the tumnel test 
secuione The level of this reservoir was controlled by e bali-tyne 
float valve. From the reservoir, the water passed through a Sareo water 
blender which was also connected to tae building hot water systen, ВУ 
ajustet of tho water blender, the temperature of the water entering 
the model coulda bo controlled to S1°F, Fran the water blender the 
coolant passed through the tunnel wells and model to the inlet port of an 
ПОЮ Pncineering close-coupled PP2ii positive displacenent pump which 





1; 


paged the Muile зас“ inte ue compressor plant gryaten for cooling. he 
pumping rate tough the model was 600 g.p.h. 

Зу connocting the model on the suction side (25 inches of Mge) of 
the pum, the prossure zZlfZonentlel hotweer the model coolin, jacket and 
the tesi section, w.£lo the tumol is ruining, was approxinately five pais 
This feature varmuutta the use af the thin sheeted cocling jacket. Мом 
ever, in order to protect the nodel from high differential pressines due 
to a prp failure, с second FOO pwp was installed as a siomde=by in 
parallel with the first, “he secon) pump was controlled бу газе оГ а 
Minnespolis<ione;well Vacuuasiat mereury switch wiek switched on its 
motor if the model internal pruseure rose abeve 22 incues of dg. б 


+ 


schematio of the cooling system Is som in Fig, 0, wlüle Fir. 9 gi 
various details of the systeme 

For the case of the sem heat traasfer runs, when na coolant was 
used, the internal pressure of the model was reduced by tbyrenassing the 
flow directly into the pum, dut still Leavin; the model commected to 


the suction sidce 


D, Test Procedure 


de Calibration of Heat Meter 


Since the OeMel. per Gerree and the distance between the u erao» 
pile junctions aio unimowun, the thornal conductivity of the bakelite 
demination uncertain, and the conductivity alaw the wire also wimorm, 
іле heat meter assembly must be calibrated. 

The wriedirocizonal heat flow eoneratus used to calibrate the 


neget meter wis säräler to that described in “ef. 10 ad an "өкілін" 














1. 


sketch of the components is shown in Tage 10. ‘ichrome ribbon (.010") 

is welded into a heating elenent and cemented to оће surface of a heut 
meter, тие heat meter and the thin neating element arc tnen cemented on 
to a heating plate which is used as a guard noatere A very thin shect 

of silicone fiber plass is placed over the heating element to electricall; 
insulate the nichraaa ribbon from the surface of the model, This 

assembly is then placed on ton of the flat plate model, wolch includes 

the heat eter that is to be calibrated, and the entire "sandwich" 
securoly clamped to¡ether, 

When the temperature of the iin heating plate is equal to the 
temperature of the guard plate, the heat neter between the two heaters 
will indicate Zero output, This means that all the heat from tio neat- 
ing plate is either transferred throwh tho heat neter to the cooling 
element or lost from the edges. ‘he edge loss is a function of tro edje 
area ñ, the convective conductance, fes WA the temperature difference 
between the edse surface and the surrowxiing alr, Ate 

By adjusting the energy input and the cooling water rate, it is 
possible to bring the heat meter very close to room temperature. Taking 
the mudn temperature differance allowed between the model surface 
heat meter asgenbly and the air to be 50р, the maximum error due to 


oge losses can be calculated. The alive loss, а,» Тау be expressed as 
GT * £ fat (1 


In this case, Се i8 approximately one, à is .03 Bde fie and At is the 


order of five, giving an edge loss of approximately 0.15 biw/hr. ‘ihe 


heat supplied to the meter vain: calibrated is about 60 Btu/nr. hus, 


и 
if the oso loss 2s camletely ignored, the resultin, orror will bo in 
the order of 0.30 per cont, If the temperatire of the leal motor із 
kept. constant and tho heat rate throwh thm meter is varied, tie edge 
loes from the meter will be a function of the teaporature of the “ever 
and will remain constant; thererore, The nercantage error due to edge 
loos will te very smell if the heat rate through the meter is very large. 
The power input to the nielmme heater was measured Ly a watte 
meter ond the output of the heat meter elements by means ef the brow 
self-balancing potentiometer. An average of several readings was usoc 





to calculate the calibration constant of each thermopile. The greatest 
Source of error is probably due to the nonewmilform contact rosistance 
between the heating assenbly and tho nodole 

Table I gives the calibration constente of the heat neter elements 
at a heat meter temerature of 120%, Pic. 11 gives the conversion con- 


stant for other heat meter teuperatures. 


2e kat Trasfer Rung 


Since a fixed nozzle block was used during tho investigation, oniy 
a meil variation in Mach number was possible. This resulted in having 
temperature ami pressure as the only controllable paraneters. In 
addition, dve to the desimm of the cooling system, it wes advisable to 
hold the temperature of the coolant constant. Therefore, tm runs were 
made under various combinations of stagnation (resorvoir) temperature 
аі ргозтоге, 

The proceduro for each heat transfer run was that tne stagnation 


temperature (t,) wes held constant and the staznalion pressure (p,) 





е ^ rane? ng - e? \ | 914 =“ з Y er >’ ч 
varied fron its mariem (108 pric) to the lowest value at wie [Dow 


could be maintained (45 реш). The rercos of Py ME +, vero as follows: 





Bg * PSic. 

Ab . 60 _80 хо 

Ке -. 195 m | 

н 215 215 zw 215 
tF 225 ө ~ — 
255 25 2,5 2,5 

= 265 205 265 

=> 235 235 255 


The lower range of stagnation temeratures were for the purposes 
of investigating the influence of condensation. 

In order te obtain equilibriuns conditions, it was socossory to run 
for a period of approximately 2? hours before data could be takene ihis 
equilibrim condition was considered reached when the temperatures fran 
the thersocouplos installed in the model and the test section, ani the 
output of the thermopile elements in the heat neter reached a nearly 
constant value. After each change in stamution pressure, an additional 
steadying period was necessary. Upon reaching equilibrium, all tempere 
atures and heat meter outputs were recorded. At the same time the model 


and tunnel well static pressures were alse taken. 


Зе insulated (Zero Heat irc for) uno 


in order to calculate the heat transfer coefficient (h) fron the 
equation 
ya a h G - Ton (2) 


е is necessary to have, in addition to uno wall temperature ana hoat 





о Бур — and the sane axibination of gt га 
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tenpe: atures 5 and oressuras as Tor the heat tri ans fer mus were repeated. 
м E = ES cs 


Upon reaching гк. a uA Libri um the model a uface temeratires represanted 





“ы, ш noct cf the runs, cero heal transfer, as indicated uy tre 
weat meter output, was not possiblc so tho adiabatic wol1 toryeratures 
wore ovblabied by interpolating and ettranpolating the data ve the cons 


teet, . ‘Gore ust Gis 
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Since the theory of the lanar boundary laycr on a flat plate 
with zero pressure gradicnt is well kham, 1% will not bo repestod in 
this paper. iiowover, for completeness, a swriary of the lwiinar boundary 
layer equations with sone of thoir solutions, as well as the enintio ns 





(of heat transfor, are given in Appendix A. 
=> 2 
6 45 given by 14 aná Negamtsu in üof. 11 ond 
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The surface pressure ratio distribution p/p, obtained fran the 
plate static pressure orifices is siown for the case of a stagnation 
pressure of 9505 psia and a stagwidion temperature of ROY on Pig. 12, 
This онал ле 25 ropresentativo of the various corwinations of 
Stagnation pressures and temperatures, The nexium wiriation in pressure 
ratio is „OA which for the case shom із 2292 per inch over the after 
portdon.of the plates however, the variation is much desa over thin fo 
wari portion. Tiie is typical of the ruw at the incher stagnation 
pressvres an! con be the result of the rear orifice being in the trensi- 
tion recione. Also shom in Pig. 12 is the distribution of y v ien iS 


about the sano percentece variatien as p/p., 


се lach ruber Distribution 


the distribution of Hach miber along tie plate is also sham on 
Fig. 12, The naximm variation of Mach mumber is .05 or 1.035. Thus, 
theoretical results for flat plates should гробу since the local fr 
stream "ach mmber, cr velocity, is essentially constant. 
Be Surface Temerature and iat Transfer rates 

le Surface Temporaturos 


Four surface temperature distributions in OF sre охосељва In 
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бе. On Tis. 13(2) the indichtdan £s Wat thc position of tvacsitien 
ab mer isgnsitrox to about the дс-ігси siuevione Thie is giint. mor 


@Mpkicaliy, Iter, ix Te presentation af ine heat transfer савЁГісі апе, 
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Wiiinstior of the Vessoraturoc dístriities cows that over the first 
third of the plate the teyperaturc cecroases with nearly e constent 


gradient, wiile over the conter third of the plate the value of the wall 





temperature is marly constant, bub possessing a second cerivative wit. 
respect to length. Cvor the last teo incues of vio плаћа tie valios of 
the temperature increese and tu Tirst derivative also is variable, 

in пайла ст to the temearature distribution heving second der” 
ivatives with respect to the chordyrise cistance, at we higher stagnatlon 
pressures aE toiperatvures, the soanwine tempernture cistribution оп the 
after portion ol tie lale also hau sever! derivatives with regooct te 
the spamiise distencs (Cf, Pige 1h). The formed portion of the plate, 
on the other hand, is proctically ieothermal spamrise, This appears io 
be due to the contamination of the surface by the tunnel sidewall boune 
дату Заусг which raises the surface temperatures near the tunel wiis 
amd increases with distance chordwis The existence of these record 
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dtivatives in Lagersture іс important, since Uley rebresent en 
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since Ge ent fle rote ruwesentod Uy ¿e 3 ls tne ја | 
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1, the assumilon 2з Ыш әТ/әу ts count across чо 





of bhe surfoco је “ide moeara valid sinco the plac is 








and the awelt of nost хил. олалагогтой 18 such wal 9u/oy ЇЗ 





Sell. ue chorvise tewerature Gradient wes consult over цю 
iim ої іле plate, so the conducllon irt is sero. Uver tae second 
Ыйла сё ъло piete, the comeritution wS rr$moDily due io іле dueivolivo 


әФ/ҙх2, wile over e dust de of te pleto, ӘЖ сотігі ліӛдоп es 





ncn d a a вы ы -— "E a5 
des to both o*"7/ax" and ?*1/am , Otor tho last оға о? the plate vus 
aljustsent becanc as Larye as 2) per cent of the heat wransfomwc. sc 
effect of heat conduction in ihe heat heter io newliglblc, Since UM naai 
neter thicimess іс less dan half the tnichnese of tho surface plete, am 
the thera. comuctivity of the moter naterial (bakelite) is .1% ОУ иг 
- 15, as comerod to tho stainless secl surface plate whose біста 
conductivity 28 Jeh Bayir = Dt e ШТ. This ses that for the cane 
veamernture voriation, the value of neat їхала оттой due 3o couavlon Um 
the hoat moter is less Уол 15 or tho heat tranaforred fron the surfaco 





Te heat trensforrod due to radiation from Whe muszle blocs зга] 
tunnel walls may be calerlated fra tie equation fren headane (ање, 13) | 


which for tiis озге culsr case is | 
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whore O is the Stefon=Boltemann eorstont 9 „177 х 10 - Btufer“ ate Ay 
E, ds ouiesivity of model surface = +7 
Es 49 extlosivity ol nonsle block * .13 


Та 3а factor for posítion of teo pamliel wlls e .05 
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2 2 35 noszle block surface La rotura 


is model surfaco Umtcoroiure За, 
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Due to tie host transfer through the test section nozzle blocky © 
the surface terperature of the block never eugeeded 150 f. vo for the 
а „о - е us и 
extremo case of 14 = ој i and 7 2 s 610 2 the neat transier duc to 
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radiation was oA © 275 Biyfar = fb" vidot Ls lest tan Ie ol the seno 





ФгалоГоестой for Cls сокі оло “uereinre, the raatition effects were 
ne::lectode 

Thus, only the contribution due to comluction must be camuced aid 
subtracted. The q/5; diotrioutions resulting are show in Pig. 13. 


These distributions are revreseriative of all the data. 


C. Temerature=ccovery Maciors 


le Evaluation of 1emperature "ecovor,; Pastor 


DEDO жэс аа e = as аты 


The average eqerimerital heat transfer rutes aijusted Lor iiw 





juction ter aro presented in Fig. 15 a9 a function of tho ratio af 


curfece temperature to stagnation tewecrature for four values of със 





nation pressure, For each position alonm, the plate, Um data pints are 
located very noariy as a straight Line, This indicates that, for tho 
rango of surface taerature and atapiehion tormeratures involve, the 
heat transfer coefficients axe inxionendent of the surfaco temeratura 
or the temmerature potential causing, tne heat transfer. Due io tie 


greater heat transferred to tha botton of the model, 1% was possibile to 





obtain negative (heat transferred from the plate te the fluid) heat 
transfer rates for every thermopile elonent ewe -t at the 95-inch 
station. “his pornitted the immediate datemination, except ab the 9.,5- 
inch-station, of the т г о eLo for tine coniition of sero heal trunse 
fer, For the case of the 95-inch station the remidting curve und to be 
extrapolated to the zerp heut transfer vontition. 

Knowing the ratio of T on! ©? ihe recovery factor can be calou- 


lasted fron tho equation 
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Fige 16 presents the temeracure rocovory factors as a function of 
Reynolds numbers This “a nmnoláas number is based on the diguro iram ine 
leading edge of the plate ond on air provertics evaluated at the froo 
stream static temperature, Fig. 17 given the Legoolds number ver inch, 
end Fig, 1) the air properties (CI, Sef. 31) usod tnroughout the ела” 
putations, The date indicate that tho temmerature recovery factor for 
the laminar boundary layer is essentially a constant value of 02856 2 
e00 up to a Reynolds mmber cf 1.2 х 30°. or the transition zone 
which excends iron a lieynolds number of 1,2 to 2.9 million, the recovery 
factors amiilbit considerable scatter. the apparent cause of this 


Scatter will be explained in 6 subsequent section on transition. 


2. Correlation with Theory and Other Iisperinente) bata 


in the usual treatment of laninar boundary layer theory, an assumption 
is nade to the effect that the Prandtl meter is independant of tim 
temperature of the fluid. By tids assumption, the tamerature rocovery 
factor can be closely approximated uy pp M2, For the present invesiie 
gation the value of tho PrW2 varies fron „862 іо «032 wien bused on 
the freo sirean aml the averace adiabatic wall teaperatures respectively. 
In reality, some intermediate іецюгасше should be the basis of tho 
Prandtl number evaluation, but tis tonporatuwre cannot be explicitly 
determined from the existing theories. The present coerinental valuo 
for the recovery factor lies between Pr Y © and Pra Me ў “пош clover 





to Pr Ma This result of r = 858 nay be slightly high, іл that it 
appears from review of other axmorimental data (see below) that the 
adiabatic wall temeraturo has the greater influence when evaluating the 
Prandtl nubere 

On comparing the experimental value with other experiments can 
ducted at lower iiach numbers the agreenent is favorables Wimbrow, Stone, 
and Scherrer, des Ches and Sternberg, and Uber, testing cones up to a 
Mech number of 1.5, have recovery factors lying between 0.655 and 0.055. 
The Massachusetts Institute of Technology tested a flat plate and also 
obtained a recovery factor of 0.65. However, Slack, ami also italder, 
Rubesin and Tendeland, testing flat plates at a Mach mmber of 2.lı 
found recovery factors of 0.68, which is somewhat ИЦ in face of te 
previous evidence. All the above data are swmarized in Rel. Це 

Therefore, it apoears that the present investigation contis te 
laminer recovery factor of 0.05, and extends its range of wach inmver 


з їр to a Mach number of 5.0, This is also predicted theoreti- 





cally for hypersonic Mech mmbers in ног. 16. Also substantiated is us 
independence of the minar recovery factor on Reynolds number un to the 
сіла of transition of tho locinsr boundory loyer. 


Пе Heat Transfer ще 


le Ета ісп of ileat Transfer Coefficients 


The hogielransfer cocfficiente calculated fra: the experimen aL 


data ere presentes in Fig. 19. The calculations were nede from ба. о 


(tese results ware obtained fran tesis at 115.5, 95.5, 75.5, and 00-4 
»eia staistlon pressures axl Stagnation temperatures varying fran 22597 
іо 28007. For the run at 60.l psia, the boundary layer was latiner over 
mine inches of the plate und the heatetransfer coefficients decreased in 
value with increasing distance alonc tac olate, At the nine ineh 
station the heatetransfar coefíficienis begin to increase with increasing 
distance giving indication of шо бекиту ОЁ transition. With an 
increaso in stagnation pressures, the position at which transition beging 
moves unstrean, and at a stagnation pressure of 115.5 psia it is near the 
7Tj-Ànch station, Tris is consistent with the temperature recovery 
factor data, However, the t.mperature recovery plot indicates transi- 
tion begins slightly ahead of the 7,-inch station, but the aweewent is 
Within the range of the @qerincnial accuracy, Since the heat transfer 
coefficient is a function of ¡eynolds mumber, the scatter of the eneri« 
mental deta can be partially attributed to the vatying “eynolds numbers 
resulting from covering a ганне of st-yination temperatures at each 


6tapnation pressure. 


ае Correlation w.th Theory aml Other Exneriments 


In Appendix A, it is shown that the local heat transfer coefficients 


f 


% 


in dimensionless form can be related to local skin friction by the 


expression 
mye? А = Gp ref? /2 (6) 


if the data ae presonted as iw гү З as a Tuwiion af “eynolds 
mambver,a correjation with other sicin friction and heat transfer results 


is vossibles Fige 2 presento the experimental data in this fom and they are 
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camared with other amerinental sud theoretionl curves fron Aefe. 3 and 
16. ‘nese dimensionless representations are of general, value only for 
results obtained fron a surface with a uniform temperature, ie presat 
results, however, are obtained fron а surface that is not lsotiicmmal so 
cannot оз compared direstiy. In order to гоне і proper correlation, 

the present results must be related to the case of che uniform temocratme 
plate. 

Two methods for effecting this correlation were investigated. ‘лю 
was that given by Chayaan and Rubesin in Nef. 16 and the other ms that 
of Liyhthili in Ref, 17. The Chammanseiubesin method required that бо 
temperature distribution be expressed in a power series in distance 
along tno plates ‘This was rather difficult to accomplish for the distri 
butions measured, Llghthili's method, on the other hand, reduced to a 
problem of nunerical integration which was easily computed. Fige 29 
gives a representative curve of the ratio of the heat transfer coefficicit 
with a temperature distribution to the heat transfer coefficient of an 
Leothermal olate as a fumetion of the chordwise distenco aiony tie plate. 
Also shown, fer comparison, is the sane ratio eoaputed fran the method 
of Chapin axd Rubesin, mero the surface temperature was expressed as 
a fourth decree colynaninld, “he agreement is good over the center 
portion but diverges over the leading and trailing portions of the plate. 
In each case the tetpceratwre at the leadine edge of the plate is cone 
sidered as the adiabatic temperature. This assuaction is reasonable, 
since the plate ів uncooled at the leadizy; edge, axl an extrapolation of 
the measured teweratiung data to tue leading olee checks very closely 


with the adiabatic valve, Appendix A presente the complete expressions 
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ГЫ» 22 presents the hoatetransfer correlation fron Fig. 20 ав 
related to the case af an isothermal plate. The scatter of the Gata is 
within 2103 of tho Value tiv Rei. e op Э = 0.235. this checks, within 
tho scatter, uith Li»er!s (if, 0) sitin friction neasureont of 
Со 10/2/0 е 0.27 made at the sano Nach number of 5.0. “his аггессол% 
is very good in that his results wore for an insulated plate Luft 5 б.) 
while tho heat transfer caso i$ for Y,/Tg ^ 6.9. This value, however, 
32 10% below that of Chopin end Rubesin (Raf. 16) commuted on the baris 
of the viscosity used in the present investigatione Aba Raynolds nure 
ber of 2.6 million the becliming of wawsition is indicated ду tho sharp 
increase in Kuffe РЕМ З which was es indicated in the curvos of heat 
wansfer coefficients. All the air properties were based on free streim 
static Temyerature, 

she results ей indicate that, within aceuracy af the expori- 
ments, tho relationship between host transfer and skin frietion a3 pre- 


dicted by the laminar boundary layer theory is valid at a Mach member 
of 5.0, 


Be Additional Resulis 
le іголзалаэса 


fe previously discussed, the experimental data indicate thet a 
transition Стева the laminar bowxlary Layor begins in the vemolds number 


ipe of le2 + 165 million. ‘his is below the resulis of a preliminary 


investigetion carsied out in the GAIDXX 5 x $ inch iroersonic Wind Twmol, 
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ona long flat plate. Testing this 20-inch plato at approximately the 
gano Reynolds and fiach numbers, there was no indication of netural 
transition at the 10-inch station, The method of transition indication 
was by means of fluorescent lacquer. Therefore, some exnlaiation is 
required for the present data, 

Examination of the photograph of the nodel, (Fig. 4) shows that a 
shroud cover beginning at the ven-inch station and — downstrean 
is installed, Prior to installing this cover plate, tho wake off of the 
thermoco..ple amd heat meter terminal blocks, and fron the leads then- 
selves, was of such magnituie that supersonic flow in the tumel could 
not be established. “he addition of the cover reduced the turbulence 
to such a degree that supersonic flow was possible. ‘he thickness of 
the shroud, however, resulted in an increase (.065") in the model thicke 
ness at tho ten<inch station, and it is this step in thickness which may 
cause the transition, It is belicved that the shock wave, associated 
with the flow deflection over this step, Interacts with the laminar 
boundary layer causing some transition unstreau, This effect, howover, 
needs further investigation before it can be positively stated that such 
ів the case, HNotwithsteniing the cause of the transition, the present 
investigation shows that the use of the heat meter as a transition indis 
cator is excellent. It is mall, ruvsed, extremely sensitive and can bo 


used for conditions wiere pressure neasuwre.ents are not fessiuole. 


Condensation Affects on Heat Transfer 





An attemt was made to determine the effect оў condensation on 


the teat transfer coefficients, Runs wore nade at a stagmation tan 





perature just below the condensation-free temperature ani tien меге 
repeated at a temperature just above the condensation-free temerature. 
Within the accuracy of the measurements, where was no difference in tne 
heatetransfer coefficients. However, the ratio of си о for zero heat 
transfer was Zi lower for the caso with condensation than without conden= 
sation. This is partially substantiated пу the analysis of lief, 8. 


Зе Flow Separation 


in reducing, the stagnation pressure in order to make runs at 
lower Reynolds numbers, it was noted that at a pressure of about 2 psig 
there was a sharp increase in surface static pressures and the heat trans“ 
for rates Investigation, by means of tho Schlieren system, showed that 
at these lower pressures, < seperation of the laminar boundary layer 
fron the surface of the plate was occurring. Fig. 23 presents the 
schlieren photographs of the Бомюагу layer just before and after separa- 

A review of the other experimental data provides a clue to the 
cause of this separation. Fron the heat~transfer coefficient curve (Гіс, 
19), it can be seen that a reduction in stagnation pressure resulis in a 
domstroan movement of the transition region. At a stagnation pressure 
of 45 psig (60 psia,), the beginning of transition has moved almost 
to the end of the plate, By further reducing the stamation pressure, 
the transition point seems to move to the junction of the surface plate 
and the cover shroud, Пе if the pressure is lowered below tiús value, 
and if the transition point trys to move up over the cover plate, the 


presence of the adverse pressure gradient associated with the flow over 





о 


the junction may be of such aguútude that a ceparation results, 

When the flow separated, thore was a rapid increase in the heat 
transfer rate and the sueco static pressures, This increase beccnes 
as larre as 300% in both cases, Tho condition after separation (Рісе 
23(0) ) was extremely stable, and the boundary layer could not be 
reattached to tie plate unless the stamation pressize was increased to 
over 60 hn 

Due to the model configuration and its mounting in the tumel it 


was not possible to investigate this problem completely at the prosent 


time, However, it seems to be of sufficient interest that further study 
is warranted. 


V. МО LO ОЮ 


he present investigations provided the following evidence as to 
the behavior of the seat transfer characteristics of the lavinar boumlary 
layer at a Mach number of 5.03 

2. Tne hesi transfer coefficient (h) competed from the Newtonian 
equation g/^ = h (i, - Там) is Independent of the temperature potential 
causing the heat transfer. 

де The temporature recovery factor for the laiinar boundary 
layer ms „850 which, wien compared to the bulk of previous experiments, 
extends the range of Mach nv ber indepencence of the temperature recovery 
factor to а Mach number of 5.8. The laminar recovery factor being 
indepondent of the Reynolds number up to the beginning of transition 
was also substantiated. 

Зо The heat transfer coefficients obtained with a negative 
ehordwise temerature gradient can be as much as 60% higher than the 
coefficients resulting from a surface at constant temperature. 

Це Heat transfer results whan referred to the case of an iso- 
thermal plate give a valuc of „285 for the non=linmensional heat transfer 
paranoter лем 2 ppM 3, the estinated ascuracy of this result being 
2105. when compared to the theory and to the skin friction experiments 
made at the same Mach nuber, ino thneorctical relationshir of 
Nu/nel2 ру З = Cp ве Jo appears valid for the laninar boundary 
layer heat transfer at a lach mmber of 5,8, 


The investigatíon also provided some evidence as tot 







З. ‘The possibility of forcing иы ооп St a comparatively low 
(1,2 x 10°) Reynolds number bir the presence af a shockwave boundary 
larer interaction, 


Qe The effect of comicnsation on the temerature recover 








which it lowered, anc on the heat transfer coefficients, which romain 


3. The separation of the boundary layer, which occurred when the 
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APPEROTX 2 


SUMIARY OF THe LAMAR DOUADA X LATE: AD AT THARSPER LAL LORS 


Ae Boundary Layer Fquations for “lat Plate 
le Gonerel Formulation of Problar 


Convective heat transfer like fluid (sidn) friction is considered 
a boundary-layer phenomenon, and ii is asgumed that the heat passes to 
the fluid by molecular conduction through a laninar layer which is 
always present immediately on the surface for a continuum regions 

No attewt will be nade to derive the boundary layer equntions in 
this Zu, as tho derivation of these equations aro well imom and can 
be found in many references. llomever, the general problems and the 
historical urozress in the solutions of these equations will be presentod 
for the purpose of completeness. 

The characteristics of the laninar boundary layers of temperature 
and velocity for an infinitely thin flat plate placed parallel to the 
fluid stream are found by the simultancous solutions to the following 
conservation of mass, momentum, ami energy equations, which are for the 


case of no pressure gradient along the plate, i.6., op/ax * O. 


34 0) * 57 (eV) = 0 (4-1) 

m зс = „=, (А-2) 
2 70 

(^-3) 


ae (Go еу; so (Cy 7) = 5% (k 5) + (24) 





with the boumdary condidons 


х<0 у> 0 uoy wi. 
x>0 у= О м = Оду 0 Тет, ог (27 - () 
29 1м 
x =O y — со мем. Т “З. 
х — со у> 0 Be Ov = 0 197 or (27 67 
wW 9 ^w 


(ice., assumption of infinitely thick boundary layers at x—~o,.) ‘these 
equations are the result of amplying the boundary layer approximations 
to the camlete conservation of mass, nomentun, and energy equations. 
The justification that these approximations are valid for flows at “ach 
number 6 ere given by 14 and llaganatsu and by Lees in КоР5. 12 and 32. 

It will be noticed fron the manner in which the equations are 
written that 9, 4, k, and ^ may Vary throughout the region of inte- 
gration, thus meking the equations perfectly ceneral for the case of 
sero pressure credient along the plate, The бесам term of tho richt 
member об Ба (лез) із that wiich accounts for the dissipation of nechani- 
cal onerzy into tiiermal enerry uy the viscous forces prevailing in the 
boundary layer. 

The nature of these equations and the boundary conditions are 
suoh that a certain símilarity exists with respect to a varlable made 
vp of tems such as y/x", w:ere m is a positive constant. The bowwdary 
conditions remain the sane whether by variation of x and y, tho variable 
approaches ccro or infinity, also it reduces the partial differential 
equations to total differential equations which can then be integrated, 
An excellent review of ihe mathematics of the various solutions to these 


equations is given by Je A. Lewis in Hof. 18. 


2e volutions to the Boundary Layer Squations 


A gemary of the solutions of the laminar boundaryelayer equations 
for a flat plate in compressible (air) flow, taking into accowit the 
tanperature variation due to conduction wà frictional heating is given 
by Rubesin and Johnson in еў. Зе In general these a»ulyses always 
assumed a constant valve of Prandtl number and an approximate expression 
for the viscosity variation with temperature. Thus, the applicability 
to a wide Mach mumber range is questionable. von Kadrmin and Tsien in 
Ref. 19 treated both the insulated plate and the heat transfer cases 
with Mach number as high as 10. ‘They assumod Prandtl number invariont 
with temperature and viscosity exponents of 0.76. 

Brainerd and Ermons (Ref, 20) examined the insulated plete case 
with Mach numbers up to 3.16 and usod Pr = 0.733 and Y = 0.768, Crocco 
(Ref. 21) obtained solutions for both insulated plate and heat transfer 
cases, assuming Pr = 0.725 and с“ 1.5, 1.00, +75, and „50. Hantzsche 
and Wendt (Ref, 22) also treated the insulated plate and heatetransfor 
eases with Mach nwiber w to 10. They examined two combinations of air 
properties: optional Prandtl] number and w = 1,0, ani optional o and 
Рг " 1.0. Cope and Hartree (Hef. 23) used Pr = 0,76, о е 0.89 in their 
investigations, 

More recentiy using Crocce's method of hand calculation, Van 
Driest (Ref. 21) obtoined results for Pr = 0.75 and a Sutherland law of 
Viscosity=tenperature vuriation, 8 = 06505, for the heat trausfer plate 
and the insulated plate with a constant value of svecific heat at con- 
stant pressure assumed. Young and Janssens (Ref. 25) and Лосге (пећ. 26) 





solved the reduced boundary Laycr cquations in integral form using a 
differential analyzer with the emerinental values of air properties. 


Moore also inclided dissociation at higher tenperatures.e 


Вә eat transfer Equations 


In Ref, 3, Johnson and Rubesin summarize the equations for the 
heat transfer of tho laminar boundary layers however, again for canplete- 
ness, these equaliong will be included. The following presentation of 
the development of the heat transfer equations is essentially that of 


Def. 3e 


le Newtonian Heat Transfer Taustion 


In the usual treaiment, the heat rate is taken as proportional 
to the tenperature difference between the surface and the ambient fluid, 


Tims, the rate of convective heat transfer is 
du. A ана | 
4 c-k( ha A (Tu- Te) (^4) 
with the heatetransfor coefficient being defined as 


ZEE 
Cie = 75) (4-5) 


where T = wall temperature 


Tg = free stream tamperature 


А “з arca 
2e Nusselt Милост 


Nowover, for the purposes of correlating the heatetranafer data 





in dimensionless Гога, Бда(Л-9) іс mitten in terms of the Nusselt number, 


P -(27 Р 
Wie = МОЕ Er сЦа 
а. А zm 7j) ў (Леб) 


Using this definition, lefse 27 and 20 show that from the steady-flow 


enemy of a fluid and for a given poonetrical system thst 
Hu = 2, ES Pr, М, AT a Uu = 9] (1-7) 


O£ the fivo dinensionless variablos in Tq. (Лет), only three, Su, Re, and 
Pr, normally appear for heat transfer since 1 and aTag/ Ci -10 ше 
Substantially zoro for lor velocity flow. Consequently, the llusselt 
mmber and in turn the heat transfer coefficient h, are independent of 
the tenperavure potential ya > Т 5) мпісі is a necessary requirenent in 
order that Ба, (Ае) may conveniently represent the rate of heat trans- 
fer. At high velocities, however, the temperature factor ATag/ (Cy ~ Ug) 
in Eqe (A-7) is finite, and lu is dependent on the tenperature potential, 


thereby destroying the usefulness of Па, (Ац), 


Potential 





In omer to deduce a heatetransfer equation in which the te 
perature potential and heatetransfer coefficient are indepe:demt, con- 
sider tio followings: 

Suppose that an insulated plate is placed in a high velocity 
stream, the rate of heat Flow and consequently the temperature pradient 
vith resvect to the normal to the surface must be zero. Pohlhavsen in 


Ref. 29 has shown that the resulting tenperature distribution is such 








tant к саўгас хо ol ihe Fluid aljaca.t to the plate exceeds the free 
stream values The temperature which the plate (and the flute in contact 
with the plate) assunos is desi;mated as the "adiabatic surface tem 
perature", Tat 

If the plate is heated or cooled, then the temperature of tne 
plate will differ from the adiabatic temeratures and since heat is veing 
transferred to or fran the fluid, the ta werature gradient with respect 
to the normal is no longer Zero. 

it is legical then to express the convective neat transfer with 


frictional heating by 
а. = h(t «т У (лед) 


where h © heat transfer coefficient with frictional heating 

т, - а, = modified temperature potential 
in order to establish the usefulness of Бао (А58), іЪ is necessary to 
investigate the relationship between the adiabatic surface tcaperature 


and the coefficient he 


lie Recovery Factor 


Considering 7, , first, it can be seen from Eqs. (A-6) and (4-7) 
that when the plate is insulated, 1.02, Т, = Т. ала (21/27) a0 = 0, 
Ene (Ae7) roducos to 


Пек 6 _ Ту-76 - Jaw=1/85 


Avan 7-75 «= = E, (Re,P,, M) (A~9) 


or defining the temperature difference ratio as the "recovery factor" r 


law” 75 
7 ңəҺд --:--- "У 


А kmowledge of the recovery factor r is then a necessity to the deter- 
mination of the modified temperature potential v - З.) and is treated 
| independently of the пелі trawlere 

Гог laminar flow along a flat plate, the recovery factor has 
been evalucted analyticully ty several authors (Refse. 21, 22, and 22) 
and these results show that the recovery factor is independent of 
Reynolds mmber ax iach maber, for the range in Mach mmber where 


disassociation is not present, and is well represented зу 
г а рр? (леда) 


Because the Prandtl numoer wes maäntainel as an independent parameter 

in the various solutions, по :canms of determining the reference tean- 
perature at which to evaluate Pr is possible froma these solutions. 
However, the numerical solutions of CreccoConferto (Ref. 30) showed 
that for Pr = 0.725 the recovery factor was 0605. Young and Janssan 

in Ref, 25 showed that tie recovery factor as a Value ОЁ „651 and 2042, 
for a Mach number of l423 and 662 respectively, with the ambient 


temperature being 100°. 


Ge Convective liceat Transfer Coefficient with Frictional Heating h 


The heat=transfer coofficient with friction h has been investi- 
gated theoretically for laminar flow over flat plates in Ref, 31 and it 
was Shown conclusively that it is indenandent of the nodified tennerature 


potential and is identical with that for low speeds as evaluated far the 





ah 


“ жочАТ x 4 y? 
SO · ара Lds UNA с Ж.С. {2 AAN abis b нос ә eC» a ile 


б.» Relationship between Nusselt ihmbLor and Frietion Coefficient 


The expression for the relationship betsreen tho local Nusselt 


парог and the local friction coefficient is 





Ax X Cy, {А ех и и 
Nu = = == pp (қыс 
x K 2 > R е, e) 
were the subaciips x refers both to a characteristic length x, measured 
aleng tho length of the plate from the зваду; сабо, азм: to local values 
ef all quantities represented in the equcntion, All of the properties, 
ineludin,; density in the defining equation of local friction, are basedon 


the samc temperature. The derivation of Eg. (A-12) is given in cf, le 
је Heat ‘iransfer with a Surface .emerature Distribution 


Most theories consider only the case at a plate with a constant 
Surface temperature; however, Chapman axl Глхообіл (оС, 16) end Lit 
(Ref, 17) treat the problem of a variable swface temperature. In 
Chapmen end Rubesin's analyses the surface temperature is expressed as 
a power series in the platc length peranicter x 130213 on the other 
hand docs not make this restriction, 

Since most amerinental results are for the noneisothernal plate, 
it is necessary to refer these results to the isothermal case bofcre a 
proper correlation with most of the theoretical solutions ean be nado. 
The method used in this investigation was that of Lighthill's. The 


expressions used are as follows: 





~ 


Por the flat vlate, Iighthill's solution (with the constant 


multiplier reduced 2 ser cent) is: 


г y 4 
бд = – 332 (5) m. x ATA 
ЖИЕС ЛЕ nd 


which for the case of 7, = constant, reduces to 


м \ Ж 
Фа = -.332 (5%) "р. Эк (а) 


дең 
h (Tw - Таш) a 


| 


Since wo define the Nusselt number as 
M (LA) x 
А (7 - Там) 
The ratio of the heat traisfer with a teaneratwre distribution 


to the heat transfer for an isotheral surface can be expressed as 


Es РЈ а ET 


Na 2. Ж WE (ај (4-15) 


Зо, from the temerature distribution on the surface, the ratio of the 
heat transfer rates reduces to a »roblem in numerical integration, 


Fig. 21 shows a representative chordwise distribution of this ratio. 
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ГРАНИТ... АСССГАСХ AUD КЕРОЗАВ ИЛИТ 


The estimate of the accuracy of the final results is based on the 
accuracy and repeatability of the individual measure@sents. The esti- 
mated maximum error or repeatability of the individual measuremenis is 


as follows: 





Measure-.ent Звеілаіеа Haxinum Basis of Estinate 
Error 
Static Pressure ~ p eli rm of silicme Reading Irror 
Stagnation Pressure = Ро loss than 2% Calibration of Tate 
Emory Gage 
Stagnation Temperature = To 220 Calibration of I, Frobe 
Surface Tawerature = Ty 5129р Calibration оё !Hogel 
Heat Transfer rate “ а/А M Maxi:ua Dpread of Gal- 
ibration Data 
Adiabatic Wali rr Accuracy of Temperature 
Tamperaiure = T y "eesgurements and 


Spread of а/А Data 


The ascuracy of computed values Lased on the errors of the 
individual neasurenents is as follows. ‘These values were commuted by 


the method given in Hef. 32. 
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Details of Tunnel Wall Fittings for Coolant and Electrical Leads 
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Cooling System for Heat Transfer Model 
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CHORDWISE STATION х = 5.63 IN. 
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Е16. 14 REPRESENTATIVE SPANWISE TEMPERATURE DISTRIBUTION 
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(a) STAGNATION PRESSURE, 1155 psia 


FIG, |5 VARIATION OF HEAT TRANSFER RATES WITH THE RATIO 
OF SURFACE TEMPERATURE TO STAGNATION TEMPERATURE 
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(b) STAGNATION PRESSURE, 95.5 psia 
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(с) STAGNATION PRESSURE, 75.5 psia 
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(d) STAGNATION PRESSURE, 60.4 psia 
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FIG. 18 AIR PROPERTIES 
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FIG.I9 EXPERIMENTAL HEAT TRANSER COEFFICIENTS 
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(а) 


Before Separation 





(b) 


After Separation 


Fig. 23 
Separation of Laminar Boundary Layer 


Re = 135,000/inch М = 5.7 
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